This study addresses the nature of the critical labile event that couples at restriction point mitogenic cascades with the autonomous part of the cell cycle. In primary cultures of dog thyroid epithelial cells, kinetic experiments indicate that a labile cAMP-dependent event positively controls a late G1 commitment to DNA replication and RB phosphorylation. As previously shown in this system, the cAMP-dependent mitogenic pathway differs from the most generally envisaged growth factor cascades as it stimulates the accumulation of p27 kip1 but not of cyclins D. Nevertheless, cyclin D3 and CDK4 activity are essential in the cAMP-dependent mitogenesis, and cAMP unmasks the DCS-22 epitope of cyclin D3 and induces the nuclear translocations and assembly of cyclin D3 and CDK4 in a complex that also contains p27 kip1 . Unexpectedly, the washing out of forskolin rapidly arrested S phase entry and the accumulation of hyperphosphorylated RB, but did not reverse any of the above events associated with cyclin D3-CDK4 activation. This implies that even after induction of stable nuclear cyclin D3-CDK4 complexes, dog thyrocytes still depend on cAMP for RB phosphorylation and commitment to DNA synthesis, which suggests that a key labile event responsible for a last control of restriction point passage remains to be uncovered, in the cAMP-dependent cell cycle of dog thyrocytes and possibly other systems.
INTRODUCTION
The restriction (R) point has been originally defined as a critical no-return checkpoint in mid-to-late G1 phase at which cells are committed to initiate DNA replication and to complete one division cycle [1] . While the progression through the pre-R portion of G1 strictly depends on the sustained cell stimulation by external growth factors and mitogens, the passage through the R point results in the triggering of an intrinsic machinery autonomously ordering cell cycle completion. Pardee has postulated that the transit through the R point should require the accumulation above a critical threshold of a key regulatory protein with the following properties: (i) synthesis in G1; (ii) instability (lability); and (iii) stabilization or overproduction in cancer cells [1, 2] .
In recent years much evidence has accumulated pointing out the phosphorylation and inactivation of the growth/tumor suppressor protein RB and activation of E2F-dependent gene transcription as essential features of the transit through R point [3] [4] [5] . Before R point the phosphorylation of RB is initiated by cyclindependent kinases (CDK) 4 and 6 [6, 7] activated by D-type cyclins (D1, D2, D3) synthesized in response to growth factors. Once initiated, RB phosphorylation might be maintained independently of cyclins D (and thus of mitogenic stimuli) by means of an autonomous loop linking RB to cyclin E. In this feedback loop, cyclin E activates CDK2 and promotes its own expression by phosphorylating RB thus relieving the inhibition of E2F-dependent transcription of cyclin E gene [8 -11] . RB phosphorylation therefore shifts from a mitogendependent (cyclin D) to a mitogen-independent (cyclin E) mechanism, underlying the commitment to cell cycle progression at the R point [8] . According to this model, the accumulation of especially labile cyclins D over an inhibitory threshold imposed by INK4 CDK inhibitors best fulfills Pardee's criteria for the R-point protein [3, 4, 12] . The role of CDK "inhibitors" of the cip/kip family including p27 kip1 in this model is complex and not fully understood. Their downregulation by mitogenic factors and/or their titration by cyclin D-CDK complexes participate to cyclin E-CDK2 activation, but their recently demonstrated function as essential adaptor and/or nuclear anchor for cyclin D-CDK com-plexes paradoxically suggest positive influences on cell cycle as well [12] [13] [14] .
Primary cultures of dog thyroid epithelial cells stimulated by thyrotropin (TSH) probably represent the best characterized example of positive control of DNA synthesis and G0-S prereplicative phase progression by cyclic (c)AMP [15, 16] . In this physiologically relevant system [17, 18] , cAMP positively controls a late G1 R point [19] . The induction of DNA synthesis in the presence of insulin by the general adenylyl cyclase activator forskolin requires its continuous presence for at least 16 h. In the presence of forskolin dog thyrocytes progress toward S phase, but if this factor is withdrawn for as little as 2 h before cells reach the commitment point, they rapidly regress to an earlier part of G1, from which they can be rescued by forskolin readdition [19] . Thus in these cells the rate-limiting cAMP-dependent event(s) involved in R point transit are peculiarly labile, as has been suggested by Pardee for the R-point protein.
In dog thyrocytes, the induction of DNA synthesis by TSH or forskolin is associated with the phosphorylation of RB in mid-to-late G1 phase [20] and requires the activity of CDK4/6 as shown by microinjections of the p16 INK4A inhibitor [21] . Strikingly, unlike all the other classes of mitogenic factors in this and other systems, TSH does not enhance cyclin D accumulation, but it induces the nuclear translocation and assembly of required cyclin D3-CDK4 complexes [22] , and it stimulates the accumulation of the nuclear p27 kip1 protein [23] . This clearly raises the question of the nature of the labile rate-limiting event associated with the passage through R point controlled by cAMP. Here we have analyzed the phosphorylation of RB upon cessation of forskolin stimulation and in parallel the stability of the different events associated with CDK4 activation, in order to pinpoint an especially labile event potentially determining RB phosphorylation and DNA synthesis commitment.
METHODS
Follicular cells were obtained from dog thyroid tissue as described [24] ; cultured in monolayer in the "control" medium, DMEM ϩ Ham's F12 ϩ MCDB104 medium (Gibco Laboratories, Paisley, UK; 2:1:1 by vol.) supplemented with bovine insulin (Sigma; 5 g/ml), ascorbic acid (40 g/ml), and antibiotics [24] ; and stimulated at day 4 with forskolin (Calbiochem; 2 ϫ 10 Ϫ6 M) as detailed in the figure legends. Immunofluorescent detections of proliferating cell nuclear antigen (PCNA) [25] , cyclin D3, and CDK4 [22] were performed exactly as described from cells fixed with 2% paraformaldehyde for 90 s and then with methanol for 10 min at Ϫ20°C. Percentages of cells in the different phases of cell cycle were determined from the different patterns of PCNA immunofluorescent staining [25, 26] by counting at least 500 cells per dish.. Western blotting analyses of cyclin D3, CDK4, and p27 kip1 and analyses of proteins coimmunoprecipitated with cyclin D3 were performed as described [22] using horseradish peroxidase (HRP)-conjugated secondary antibodies (Amersham) and revealed using enhanced chemiluminescence (ECL kit, Amersham). For quantitation of the proportion of hyperphosphorylated RB over total amount of RB protein, total cellular proteins were separated on SDS-6% polyacrylamide gels and immunodetected after Western blotting using the C-15 RB antibody from Santa Cruz Biotechnology (Santa Cruz, CA) and HRP-conjugated anti-rabbit immunoglobulin. Various exposures of the RB bands were collected on Hyperfilms (Amersham) and quantitated by laser scanning densitometry (Ultroscan, Bio-Rad Laboratories, Hercules, CA). Underexposed and oversaturated films were rejected. A total of 150 measurements of optical densities that cover the total area of the RB doublet were integrated and volumes of the peaks corresponding to underphosphorylated and hyperphosphorylated RB were computed by a deconvolution program using a Gaussian curve fitting. The following antibodies were used: PCNA, PC10 (Dakopatts); cyclin D3, DCS-22 (immunofluorescence and Western blotting) and DCS-28 (immunoprecipitation) [22, 27] ; CDK4, DCS-31 (immunofluorescence and Western blotting) or the C-22 polyclonal antibody from Santa Cruz Biotechnology (Western blotting); and p27 kip1 , C-19 polyclonal antibody from Santa Cruz Biotechnology.
RESULTS
Throughout this study the general adenylyl cyclase forskolin was used instead of TSH, the physiological stimulus of thyrocytes, since (i) it quantitatively reproduces all the cAMP-dependent effects of TSH on cell cycle progression, function, and differentiation expression [18, 19, 28, 29] ; and (ii) whereas TSH is not easily washed out, the activation of adenylyl cyclase by forskolin and cellular cAMP generation are very fast (maximum within 5 min in dog thyrocytes), do not desensitize for at least 48 h, and are completely reversible (within 10 min, the cellular cAMP falls to basal unstimulated levels) after washing of the cells [19, 29] . Forskolin thus provides a valuable tool to specifically enhance cAMP for well-defined periods.
In response to TSH or forskolin quiescent dog thyrocytes cultured in the presence of insulin progressively enter DNA synthesis phase after about 18 h [24, 25] (Fig. 1 ). Cells were stimulated with forskolin (F) for 16, 20, or 24 h and then rapidly rinsed twice with prewarmed Hepes-buffered MCDB104 medium and subsequently incubated either in forskolin-free control medium (F-C) or again with forskolin (F-F). As shown in Fig. 1 , the percentage of cells having entered S phase gradually increased in cells returned to forskolin medium, whereas cells deprived of forskolin were largely prevented from entering S phase already 2 h after cell rinsing. This confirms that DNA synthesis stimulation by forskolin requires its continuous presence until a late G1 commitment/R point [19] . This implies a ratelimiting cAMP-dependent event(s), which must be labile [19] in order to explain the rapid consequence of forskolin deprivation on DNA synthesis initiation.
In the same experiments, we have analyzed in parallel the phosphorylation of RB (Fig. 2) . The slow migrating band corresponding to hyperphosphorylated RB was undetectable in quiescent control cells. It represented 26% of total RB proteins 16 h after forskolin administration and raised to a maximum of 75% of RB proteins 28 h after addition of forskolin (Fig. 2C) . Upon forskolin withdrawal, the percentage of hyperphosphorylated RB molecules stopped increasing without detectable delay (i.e., less than 2 h) (Fig. 2C) . Interestingly, when forskolin was eliminated at 16 h, the percentage of hyperphosphorylated RB decreased to about 10%, while the percentage of hyperphosphorylated RB remained stable at 60% for at least 7 h after elimination of forskolin at 24 h (Fig. 2C ). An intermediate situation was found in cells deprived of forskolin at 20 h (Figs. 2A-2C ). These observations support very well the current model which implies that RB phosphorylation depends on extracellular mitogens before the R point, but no longer after. Before or at the R point (i.e., at 16 h of forskolin addition), RB phosphorylation like the commitment to DNA replication (Fig. 1) is thus the target of a labile cAMP-dependent event.
RB phosphorylation is considered to be initiated by the activation of CDK4 [6, 7] (CDK6 is poorly expressed in dog thyrocytes). In dog thyrocytes stimulated by TSH or forskolin, the entry of cells into S phase absolutely requires the activity of CDK4 [21] and critically depends on the most abundant cyclin D3 but not on cyclin D1 [22] . Cyclins D1 and D2 are weakly expressed and not induced by TSH and forskolin [22] . The abundant cellular contents of CDK4 and cyclin D3 were not increased or slightly reduced, respectively, by forskolin (Fig. 3) , as previously shown in the case of stimulation by TSH [22] . As expected, these proteins did not disappear even 8 h after forskolin elimination (Fig. 3) . More strikingly, the increase of p27 kip1 accumulation induced by forskolin also was not reversed by the cessation of adenylyl cyclase activation, when comparing at the different times cells deprived or not of forskolin (Fig. 3) (a decrease was noticed in the experiment shown, but it was similar in both F-C-and F-F-treated cells).
In response to TSH and forskolin, the activation of CDK4 is associated with its nuclear translocation and a marked increase of the nuclear detection of cyclin D3 using several specific monoclonal antibodies including DCS-22, which contrasts with the slight reduction of cyclin D3 content [22] . The latter phenomenon correlates with cell cycle progression and reflects both the nuclear translocation of cyclin D3 and the unmasking of the DCS-22 epitope which indicates a conformational change of cyclin D3 or a modification of its interaction with other proteins [22] . Unexpectedly, once induced by a 17-h forskolin treatment both phenomena were stable and absolutely not reversed at various times after forskolin washing out (Fig. 4 illustrating the situation before and 8 h after cell rinsing).
A similar conclusion was reached for the analysis of CDK4 complexes precipitated by the specific cyclin D3 monoclonal antibody DCS-28. While abundantly expressed, cyclin D3 and CDK4 did not form immunoprecipitable complexes in quiescent control cells [22] (Fig.  5) . Once assembled by a 17-h forskolin treatment, the required cyclin D3-CDK4 complexes, which also contained p27 kip1 , were stable at least for 8 h after forskolin withdrawal (Fig. 5) .
DISCUSSION
The present study clearly demonstrates that the accumulation of cyclins D is not the only critical labile event responsible for R point passage and integration of the mitogenic signaling cascades with the cell cycle machinery, at least in the case of the positive cell cycle regulation by cAMP in dog thyrocytes. Nevertheless, in this model system, the progressive accumulation of hyperphosphorylated RB proteins, which was shown to depend on sustained adenylyl cyclase activation (Fig.  2) , presumably necessitates CDK4 activation by cyclin D3, inasmuch as both CDK4 activity [21] and cyclin D3 [22] have been shown to be required for triggering of DNA synthesis by TSH and forskolin. Recent evidence from various systems of cotransfected cells has suggested that cyclin D accumulation does not suffice for activation of CDK4/6, implying additional potential targets for regulation by mitogenic cascades. Ectopic expression of cyclins D and CDK4 does not lead to their assembly in the absence of a mitogenic stimulation [30] . Moreover the sequences of cyclins D and CDK4 do not contain known nuclear localization signals, but the nuclear import of CDK4 is required for its activatory Thr 172 phosphorylation by nuclear CDK-activating kinase (CAK) and of course for access to its nuclear substrate RB [31] . A mutated cyclin D1 (T156A), which fails to enter the nucleus, competes with endogenous cyclins D and sequesters CDK4 as an inactive cytoplasmic complex, thus preventing its phosphorylation by CAK and DNA synthesis [31] . Very recently, the CDK "inhibitors" p21 cip1 and p27 kip1 have turned out to be essential adaptors for assembly and nuclear targeting of cyclin D-CDK complexes [12, 14, 32] , but a role of posttranslational modifications of cyclins D has not been excluded [33] .
The cAMP-dependent cell cycle progression of dog thyrocytes has provided the first demonstration in a normal nontransfected cell of a mitogenic stimulation targeting the nuclear import and assembly of cyclin D3 and CDK4 [22] . It is associated with the cAMP-dependent accumulation of nuclear p27 kip1 including in cells progressing in G1 and S phases [23] and its incorporation into cyclin D3-CDK4 complexes (Fig. 5) , as well as with the unmasking of the DCS-22 epitope of cyclin D3 located between amino acids 241 and 260 just downstream of the cyclin box [22] . Contrary to our expecta- kip1 in whole cell extracts of dog thyrocytes, which remained quiescent in control medium (C) or were stimulated for 17 h with forskolin (F) and then rinsed and subsequently incubated in forskolin medium (F-F) or in the control medium without forskolin (F-C) for 3 h (F-F3, F-C3) or 8 h (F-F8, F-C8 ).
mediate variations were recovered. (C) Kinetics of the evolution of the percentage of hyperphosphorylated RB forms over total RB forms computed from densitometry scans including those illustrated in B. Same symbols as in Fig. 1. tion, the cessation of forskolin activation of adenylyl cyclase did not affect this epitope unmasking of cyclin D3, the nuclear translocation of CDK4, and the accumulation of p27 kip1 . Compared to continuously stimulated cells, the elimination of forskolin also did not disrupt cyclin D3-CDK4 complexes, nor the association of p27 kip1 with these complexes. Astonishingly, cells prevented from entering S phase by forskolin deprivation were thus indistinguishable from cells continuously stimulated by the adenylyl cyclase activator, for all the studied parameters that are associated with and potentially required for CDK4 activation. This clearly implies that even after formation of stable nuclear cyclin D-CDK complexes, dog thyrocytes remains dependent on cAMP for further RB phosphorylation and DNA synthesis commitment.
Though the assembly of cyclin D3-CDK4-p27 kip1 complexes obviously constitutes an important necessary function of cAMP in dog thyrocyte cell cycle [22] , the present observations thus suggest that cAMP regulates CDK4 activity and/or RB phosphorylation at still another level. CDK inhibitors of the INK4 family are unlikely to be involved since they generally prevent cyclin D-CDK assembly [34, 35] , while "inhibitors" of the cip/kip family have turned out to be essential assembly factors that do not inhibit the RB-kinase activity of cyclin D-CDK complexes [12, 14, 36] . The potential regulation of CDK4 activity by phosphorylation is not easily studied since it is not associated with modifications of electrophoretic migration. CAK is generally considered to be constitutively active during cell cycle [37] , but this should be demonstrated in our system. Very recently, the inhibitory tyrosine phosphorylation of CDK4 has been reported to be involved not only in DNA damage-induced G1 arrest, but also in regular cell's arrest in quiescence [38] . However, using the PY20 antibody we failed to detect the presence of phosphotyrosine in CDK4 immunoprecipitates of quiescent dog thyrocytes (negative data not shown). Alternatively, a modulation of RB binding to cyclin D has not been considered and the stimulation of type 1 phosphatase dephosphorylates RB at mitosis but is not instrumental in cell cycle arrest induced by serum starvation [39] . Finally, an independent regulation through cAMP of downstream G1 events, such as cyclin E-CDK2 activity [11] , is not formally excluded by the present experiments. Therefore, though subtle modifications of cyclin D3 or CDK4 conformation or localization may have escaped our analysis, the present results indicate that a key labile event(s) responsible for the last control of the activity of assembled cyclin D-CDK4 complexes and/or RB phosphorylation at restriction point remains to be uncovered, in dog thyrocytes stimulated through cAMP elevation, and possibly in other systems.
FIG. 4.
Indirect immunofluorescent detections of CDK4 and cyclin D3 (using the DCS-22 monoclonal antibody) in dog thyrocytes, which remained quiescent in control medium (C) or were stimulated for 17 h with forskolin (F) and then rinsed and subsequently incubated for 7 h in forskolin medium (F-F7) or in the control medium without forskolin (F-C7). Note the similar translocation of CDK4 in the different forskolin treatments compared to control (C) cells, and the weak detection of cyclin D3 in control cells (which contrasts with its high abundance in this condition (Fig. 3) ) versus forskolin-treated cells.
FIG. 5.
Western blotting analysis of cyclin D3 (DCS-28) immunoprecipitates from dog thyrocytes, which remained quiescent in control medium (C) or were stimulated for 17 h with forskolin (F) and then rinsed and subsequently incubated in forskolin medium (F-F) or in the control medium without forskolin (F-C) for 3 h (F-F3, F-C3) or 8 h (F-F8, F-C8). Same experiment as in Fig. 3 
